The alcohol dehydrogenase (A&) gene was isolated from Drosophila simulans and D. mauritiana, and the DNA sequence of a 4.6-kb region, containing the structural gene and flanking sequence, was determined for each. These sequences were compared with the Adh region of D. melanogaster to characterize changes that occur in the Drosophila genome during evolution and to identify conserved sequences of functional importance. Drosophila simulans and D. mauritiana Adh are organized in a manner similar to that of D. melanogaster Adh, including the presence of two promoters for the single Adh gene. This study identified conserved flanking elements that, in conjunction with other studies, suggest regions that may be involved in the control of Adh expression. Inter-and intraspecies comparisons revealed differences in the kinds of sequence changes that have accumulated. Sequence divergence in and around the Adh gene was used to assess inter-and intraspecies evolutionary relationships. Finally, there appears to be an unrelated structural gene located directly 3' of the Adh transcribed region.
Introduction
The alcohol dehydrogenase gene-enzyme system has been studied extensively by a variety of genetic, biochemical, and molecular means. Because it has been so well characterized, this system has been used as a model of eukaryotic gene-enzyme relationships. The alcohol dehydrogenase gene (Adh) is differentially expressed during development, and activity is concentrated in specific tissues (Ursprung et al. 1968 (Ursprung et al. , 1970 . Some species-specific differences in expression have been described (Batterham et al. 1983; Dickinson et al. 1984; Fischer and Maniatis 1985) .
The Adh gene of Drosophila melanogaster has been cloned, and the DNA sequences of the gene and flanking regions have been determined (Goldberg 1980; Benyajati et al. 198 1; Kreitman 1983; Kreitman and Aguade 1986) . We previously reported partial sequences for the Adh gene of D. simulans and D. mauritiana (Zwiebel et al. 1982; Cohn et al. 1984) . Here, we extend this work by reporting the nucleotide sequence of 4.6 kb in each species, a sequence that includes the entire Adh gene and both 5'-and 3'-flanking DNA. This provides a comparison of 5' regulatory sequences between D. melanogaster and these sibling species and expands the region for which sequences have been determined in these drosophilids.
The evolutionary relationships among these species have been examined by a variety of methods (e.g., see Laird and McCarthy 1968; Zwiebel et al. 1982; Ashburner et al. 1984; Coyne 1984) . All three species are closely related; indeed, crosses between D. simulans and D. mauritiana produce some fertile progeny. DNA sequence differences between these species are small and probably reflect primary changes. In the present study, differences are compared at the A& locus, between alleles within D. simulans and D. mauritiana, and between these species.
Material and Methods
The Adh gene and flanking regions were isolated from genomic libraries of Drosophila simulans and D. mauritiana and subcloned into pBR325 (Zwiebel et al. 1982; Cohn et al. 1984) . The subclones were designated pCAS (D. simulans Adh) and pCAM (D. mauritiana Adh). The 4.6-kb Adh-containing EcoRI fragments from each were separately cloned into Ml 3, either as random fragments derived from sonication or as selected restriction fragments isolated from agarose gels. To generate random subclones, insert DNA from pCAS or pCAM was excised, self-ligated, and sonicated (Deininger 1983) . Generated fragments were repaired using Klenow fragment (Boehringer-Mannheim) and then size-fractionated by electrophoresis in 1.5% agarose. Fragments of 250-600 bp were isolated and cloned into M 13 mpl0 DNA that had previously been digested with SmaI and treated with calf intestinal alkaline phosphatase (Boehringer-Mannheim). Transformation was carried out by standard techniques, using a modified strain of E. coli JM 10 1 (TG 1, provided by Dr. T. Gibson) which lacks the EcoK restriction system. Cells were made competent for the uptake of DNA by the method of Hanahan (1983) .
DNA sequencing was carried out as described by Sanger et al. (1977) . Samples were loaded onto 45-cm 6% acrylamide-buffer gradient gels (Biggin et al. 1983 ) and electrophoresed at 1,300 V, 30 mA for 3 h. Gels were fixed for 30 min in 10% acetic acid, dried onto 3MM chromatography paper, and autoradiographed with Kodak X-AR X-omat film at room temperature without intensifying screens.
On average, each nucleotide position was sequenced independently six times ( fig.  1 ). Confirmation of sequence was obtained by sequencing overlapping clones, by repeated (or extended) sequencing of individual clones, and by sequencing both strandswith two exceptions: a region of 46 nucleotides and one of 160 nucleotides were sequenced on only one strand in pCAM. In these cases, the corresponding region of the other strand was sequenced several times using both overlapping and identical clones. Computer analysis of DNA sequence was carried out using programs available through Bionet. A+T-rich regions were defined as regions of 75% A+T in runs of eight or more nucleotides.
Results
A total of 4,607 nucleotides in the Adh region were determined in Drosophila simulans, and 4,58 1 were determined in D. mauritiana. The sequenced region extends from an EcoRI site -1,300 nucleotides upstream from the adult promoter to an EcoRI site -1,430 nucleotides downstream from the poly A addition site ( fig. 1 ). The 26-bp difference in size between the sequenced region of the two species is the result of a.22 small deletions/insertions ( fig. 2) . The determined D. melanogaster sequence with which these are compared totals 3,977 nucleotides, from the 5' EcoRI site to a position 801 nucleotides downstream from the poly A addition site. This sequence is derived from AdhS alleles (Kreitman 1983; Kreitman and Aguade 1986) .
There are two discrepancies between the chemical cleavage data and the sequence The intron/exon borders contain the consensus splice signals described by Breathnach et al. (1978) . Some 102 nucleotides upstream from the translation-initiation ATG codon is the sequence TATAAATA, identical in all three species, that corresponds to the TATA box commonly found upstream from eukaryotic genes (Goldberg 1979) . The distance between this region and the ATG site is that expected on the basis of the length of the 5' leader sequence of A& mRNA in D. mehnogaster larvae (Benyajati et al. 1980) . A second TATA box is found -8 11 nucleotides upstream from the ATG site. This sequence, TATTTAA, is again identical in all three species. In D. melunoguster this putative promoter has been shown to be necessary for transcription of A& in the adult fly (Benyajati et al. 1983; J. Posakony, personal communication) . An additional intron has been identified in the region between the "adult promoter" and the ATG site. The "larval promoter" is contained within this intron. Downstream from the gene in all three species there are 17 1 nucleotides of nontranslated, transcribed DNA, ending at AATCC (Benyajati and Dray 1984) (table 1) . It should be noted that message size, transcription initiation, and termination positions were determined for D. melanogaster (Benyajati et al. 1981) and are identified in D. simulans and D. mauritiana by alignment of these homologous sequences.
Distribution of Differences in the Au% Region
To study the level of sequence constraint in various regions during evolution, we examined, for each section of the Mh locus, the amount and types of differences that exist between the species. In this analysis, all differences were weighed equally, and deletion/insertions were scored as single events irrespective of their length. Table 2 shows that the greatest sequence change occurs in the S-nontranscribed DNA and in introns 1 and 2; the "adult intron" is more conserved than the others in D. melunoguster relative to the sibling species (by a paired t-statistic test, P < .04). The 5' leader sequences have diverged to approximately the same extent as coding DNA, i.e., approximately one-third as much as the introns. The 3'-nontranslated DNA has diverged significantly in D. melanogaster relative to D. simulans and D. mauritiana (P < .005 by a Z-statistic Organization and Evolution of Drosophila Adh 159 . . . . . . . .
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-si = Drosophila simulans; ma = D. mauriliana; and me = D. melanogaster. Superscript letters a, b, and s denote source of data, as follows: a, present study; b, Bodmer and Ashbumer (1984) ; s, Kreitman (1983) or Kreitman and Aquade (1986) .
* Scoring base changes and insertions/deletions. t In the 3'-nontranscribed region, 1,45 1 nucleotides of D. simulans and D. mauritiana were compared. In the first 826 nucleotides of this region all three species were compared, and these two species were found to differ by 2.2%. In the overall measurement, the value of 2.5% divergence was the same whether compared over 4,104 or 4,729 nucleotide positions.
$ Number of sites compared between alleles.
test), while the latter have not diverged at all relative to each other. The 3'-nontranslated region has diverged 3% times more rapidly than the 5' leader in D. melanogaster compared with each of the sibling species. The 3'-flanking (nontranscribed) DNA has diverged slightly less than 3'-transcribed, nontranslated DNA (P < .05) and approximately two-thirds as much as the S-nontranscribed region (P < .05). If the same comparisons are confined to single base substitutions only, the absolute number of differences decreases, but relative trends are maintained, though the 3'-nontranslated, 3'-nontranscribed, and adult intron regions appear to have diverged to an equal extent. Sequence differences are not evenly distributed within each structural region ( fig.  3) . Changes are clustered, especially in the 5'-nontranscribed region, in the adult intron, and, to a lesser extent, in the 3'-nontranscribed region. In the adult intron in particular, different regions have diverged to different extents, an observation that suggests there may be sequences of functional importance here. Deletion studies (Goldberg et al. 1983 ; J. Posakony, personal communication) have been used to identify possible regulatory regions. Examination of the region suggested to contain larval regulatory elements (from D. simulans positions 1654-2002) reveals strikingly fewer base changes than those seen in the surrounding DNA ( fig. 2) . In interspecies comparisons, this region is 2.6% divergent, while the remainder of the adult intron differs at 12. 
CCATTTTCTATTGGGCTC)
and one of 22 nucleotides (from position 986; GTTTATGTTATATTATTGTTAG).
Between positions 1165 and 1228, where truncation also results in aberrant adult control, there is a 53-bp run with only two differing sites. Interestingly, an inverted repeat lies within this region at positions 1228-1239. It will require additional deletion studies, perhaps focusing specifically on these conserved regions, in conjunction with sequence comparisons of more distant species to define the control regions further.
Characterization of Divergence in the Adh Region Table 3 lists changes in exons of Adh according to their positions in codons. There are twice as many synonymous differences as those leading to amino acid replacements. When the method of Perler et al. (1980) is used to correct for the relative number of silent and replacement opportunities in each codon, the ratio of silent to replacement changes increases by another 25fold.
Coding-region differences are restricted to single nucleotide differences. Noncoding DNA, however, contains clustered differences and insertions/deletions as well as scattered single base differences. The ratio of insertions/deletions to base changes in noncoding DNA is 0.27, which is similar to the value of 0.28 reported by Cann and Wilson (1983) for many noncoding DNAs. Kreitman (1983) observed a ratio of 0.26 among Organization and Evolution of Drosophila Adh 16 1 The rate of divergence of single-copy DNA in Drosophila was previously estimated to be 30.66% of bases/Myr (Zwiebel et al. 1982) . Hunt et al. (198 1) estimated 0.4% for Hawaiian drosophilids. This rate can be applied to the extent of divergence reported here to yield an estimate of the times of divergence of the species. Obviously, application of an overall divergence rate to a particular locus yields a very rough, and possibly misleading, estimate. Nevertheless, the sequenced region is large enough that such an estimate may have some validity. Application of this rate to the Adh data, in a region of 1,747 nucleotides common to the sequences, yields estimated divergence times of 4.5, 3.8, and 5. Table 4 shows the percent differences among the Adh alleles in the region of overlapping sequence ( 1,747 nucleotides). With these values, a phylogeny was constructed by using the method of Fitch and Margoliash (1967) (fig. 4 ).
Polymorphic Variation in the Adh Region
A portion of the 4.6-kb region has been sequenced by others from separate strains of D. simulans and D. mauritiana . Thus, polymorphism between these alleles can be assessed in the Adh region (table 2). Bodmer and Ashburner (1984) sequenced from position 1278, 47 nucleotides upstream from the adult transcription initation site, to position 30 12, the translation-termination codon. There are very few polymorphic differences in coding DNA. Of the four differences between fig. 4 that connect two taxa. The disagreement between the two halves of the table, as represented by the % SD statistic (Fitch and Margoliash 1967) , is a reasonably low 5.6 and would have been lower if the computations had been carried beyond the first decimal.
* Species and allele designations as in fig. 4 below.
sequenced alleles, the three changes in D. simulans are silent while the one in D. mauritiana, at nucleotide 2454, results in replacement of isoleucine by valine. Interestingly, the kinds of changes found in the polymorphic comparisons are somewhat different from those observed between species. Between alleles, differences are fewer but clustered; 40.4% of the polymorphic sites lie within three nucleotides of one another, while only 25% of the D. simulans/D. mauritiana differences in the same region fall in this category. Some 60% of the observed differences have accumulated in the first 226 nucleotides of the adult intron. The length polymorphisms are very short, one to four nucleotides only, and most are single base insertions/deletions. The ratio of insertions/deletions to base changes in noncoding DNA is 0.13 for D. simulans and 0.29 for D. mauritiana, or 0.2 1 for both together. These ratios are similar to those observed for the interspecies noncoding DNA comparisons. The levels of intraspecies divergence observed are similar to that seen between D. simulans and D. mauritiana (1.6% or 1.7% vs. 2.5%). Thus the branching time is likely to be similar as well. This would militate against the possibility that differences in the type and distribution of nucleotide changes are due to divergence time alone.
Evidence for a Gene 3' of A&
The overall base composition of the D. simulans sequenced region is 29.7% A, 22.2% C, 20.6% G, and 27.5% T (D. mauritiana is 29.9% A, 22.0% C, 20.7% G, and 27.4% T). However, A+T residues are distributed unequally ( fig. 3) . As is the case in most genes, coding DNA is less A+T-rich than noncoding regions (Gojobori et al. 1983 ). Interestingly, the 3'-nontranscribed DNA appears to have the A+T distribution characteristic of a gene. Moreover, there are several small open reading frames, separated by apparent introns that contain the consensus splice signals. A+T content is highest in the putative introns and lowest in the putative exons. Further, the distribution of base changes and insertions/deletions correlates with the proposed location of this gene; that is, the exons have accumulated only nucleotide substitutions, while length changes have occurred in the introns. A possible promoter, TAATTAAAATA, is located 24 bases from the end of the A& poly A addition site and is conserved in all three species. An open reading frame begins -100 nucleotides further downstream at the methionine codon.
Discussion

Identification of Regulatory Elements
In the mderi subgroup of Drosophila there are two Adh genes, expressed differentially during development (Oakeshott et al. 1982; Batterham et al. 1983; Fischer and Maniatis 1985) . The single Adh gene of D. melanogaster is controlled by two promoters. The developmental specificity ofAdh expression is reflected in the specificity of transcription initiation at the two promoters (Benyajati et al. 1983) . Based on the phylogenetic distribution of these (or additional) organizational patterns plus genomic Southern blots (Zwiebel et al. 1982) , D. simulans and D. mauritiana also appear to possess a single Adh gene with two promoters. This is not surprising, since D. melanogaster, D. simulans, and D. mauritiana are closely related, as judged on the basis of many molecular and nonmolecular characteristics (reviewed, e.g., in ).
Evolution of the Drosophila Adh Gene
The relatedness of total single-copy DNA of D. melanogaster to that of D. simulans or D. mauritiana was assessed elsewhere by reassociation and thermal denaturation (Zwiebel et al. 1982) , yielding values of 1.9% and 2.3% divergence, respectively. Considering the observed divergence of the 4.6-kb EcoRI fragment (table 2), it appears that single-copy DNA is diverging at approximately the same rate as Adh-coding DNA but approximately one-third the rate of noncoding regions. The fact that total singlecopy DNA seems as conserved as that coding for Mh suggests that much of the genome, while serving no coding function (reviewed, e.g., in Moore 1984), may play a sequence-dependent regulatory or structural role rather than being free to diverge randomly.
As described previously, interspecies Adh comparisons revealed nucleotide substitutions and length polymorphisms, the latter restricted to noncoding regions. The differences are fewer and more highly clustered in intraspecies comparisons, and the length polymorphisms are very short. The clearest difference between inter-and intraspecies comparisons is in the number of amino acid replacements. Kreitman ( 1983) compared 11 strains of D. melanogaster and observed 14 polymorphisms in Adhcoding DNA. All but one of these were silent, with the one replacement substitution accounting for the threonine-to-lysine difference that distinguishes AdhF and AdhS alleles. The high number of silent polymorphisms led Kreitman to suggest that virtually all amino acid replacements within this species have been selected against. The two D. simulans alleles compared in this study have a 3:0 ratio of silent:amino acid replacement changes, while a ratio of 0: 1 is found for the D. mauritiana alleles. However, among the 14 codons that vary between species, nine are silent and five are replacement differences. (When all six alleles are considered, a ratio of 17 silent:7 replacements is observed). If it is true that no changes are neutral, this high fraction of replacements between species suggests that environmental constraints on the three species are different. It is clear from a phylogenetic comparison ( fig. 4 ) that the lineages have evolved at unequal rates since their separation. In fact, at the Adh locus, D. mauritiana appears to have evolved approximately seven times as fast as D. simulans. These unequal rates are surprising and have not been previously described.
Evidence for a Gene 3' of Adh
An unexpected finding is the apparent presence of a previously unidentified gene 125 bases downstream from the Adh poly A addition site. The distribution of A+T is consistent with this interpretation (fig. 3) , and typical consensus sequences (TATA box, ATG, and splice junctions) occur at positions predicted by the A+T distribution. Further interspecies differences are limited to single base substitutions (mostly in the third codon position) in the putative exons, while in the putative introns there are also examples of length variation. Finally, among more distantly related species, the degree of observed sequence conservation in this region is consistent with the presence of coding regions (S. Schaeffer and R. Blackman, personal communication).
There are a number of other examples of clustered genes in Drosophila, including those coding for amylase (Levy et al. 1985) , heat-shock proteins, chorion, yolk proteins, and larval cuticle proteins (reviewed by Sirotkin and Davidson 1982) . Additionally, Henikoff et al. (1986) have identified a pupal cuticle-protein gene nested within an intron of a Drosophila pm-me-pathway gene. If only -10% of the genome codes for protein (Sirotkin and Davidson 1982) , the expected random gene distribution would be -1 gene/8 kb. Thus, it is perhaps surprising to find so many examples of tightly clustered genes. Genetic or cytogenetic mapping has not revealed tight gene clustering, but these studies lack resolution on the molecular level. From the examples listed above, it appears that clustering of genes in Drosophila may be the rule rather than the exception.
